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Abstract 
In this paper, an experimental research was undertaken to investigate the effect of specimen thicknesses on 
water absorptions and flexural strengths of wet lay-up CFRP laminates subjected to distilled water or alkaline 
solution immersion up to 180 days. Test results showed that the water uptake and flexural strength retention of 
CFRP laminates were significantly affected by the adopted specimen thickness. For the same aging time, the 
water uptake of CFRP laminates decreased in the early stage of immersion and increased in the later stage of 
immersion with the increase of specimen thickness. Meanwhile, the flexural strength retention generally 
increased as specimen thickness increased. In addition, a new thickness-based accelerated method for 
hygrothermal aging test of CFRP laminates was proposed. The accelerated factors of the water uptake and 
flexural strength retention of CFRP laminates were theoretically deduced. The proposed analytical model of 
accelerated factors was verified with current test data, and then applied to predict long-term properties of CFRP 
laminates. Compared with the traditional temperature-based accelerated method, the new thickness-based 
accelerated method is much easier to apply to predict long-term properties of CFRP laminates with good 
accuracy. 
Keywords 
Carbon Fiber Reinforced Polymer (CFRP), Specimen thickness, Durability, Accelerated method, Water uptake, 
Flexural strength 
1. Introduction 
Carbon Fiber Reinforced Polymer (CFRP) is increasingly used in civil infrastructures as reinforcing rods, externally 
bonding or wrapping for strengthening, and even all-composite structural 
systems [1], [2], [3], [4], [5], [6], [7], [8]. CFRP is generally exposed to aggressive environment during the long 
service life of these infrastructures [9], [10], [11], [12]. Therefore, the long-term environmental effects (e.g., 
moisture, temperature, pH, etc.) on the mechanical properties of CFRP (e.g., tensile strength, 
stiffness, interfacial properties, etc.) have been greatly concerned in recent decades [13], [14], [15], [16], [17]. 
The durability of CFRPs is influenced by several factors, such as the fiber volume fraction, the manufacturing 
process, and environmental exposure conditions [18]. Among these factors, the water absorption is one of the 
main reasons for the degradation of mechanical properties of CFRP composites after long-term duration in 
service [19]. Therefore, a large number of studies have been undertaken to evaluate the water uptake of CFRP 
composites and its influence on the mechanical properties of CFRP by aging tests. Karbhari and Xian [20] found 
that the moisture uptake response of CFRP could be characterized by a two-stage model, which indicated an 
initial diffusion-based response followed by a relaxation-based one. They also suggested that the long-term 
properties of pultruded CFRP composites were mainly affected by moisture uptakes through plasticization, 
swelling, and hydrolysis of the resin matrix. Kafodya et al. [21] investigated water uptakes of pultruded 
unidirectional CFRP plates immersed in water and seawater with a duration of 20 weeks, and found that the 
type of solution had little effect on the degradation of CFRPs. Almeida et al. [22] studied the effect of 
hygrothermal conditioning on mechanical properties of carbon fiber/epoxy filament-wound composite 
laminates. With the increase of aging time, the trend of water uptake was well fitted with the Fickian model, and 
the shear strength and modulus of specimens reduced to about 30% and 38%, respectively. Based on aging 
tests, polyurethane-based pultruded carbon fiber plates (CFRPUs) were conditioned in water, seawater and 
alkali solution to evaluate their water uptakes and the degradation of mechanical properties [23], [24], [25]. It 
was found that CFRPUs showed a better moisture resistance than epoxy-based CFRPs. After 1-year duration with 
all the solutions, tensile properties of CFRPUs kept basically constant while epoxy-based CFRP plates showed 
noticeable decrease in the tensile strength. 
Besides the aforementioned pultruded products, the wet lay-up CFRP laminates are also commonly used in civil 
engineering projects. Due to the imperfection in hand application, the durability of wet lay-up CFRP laminates is 
different from that of pultruded products. Zhang et al. [26]evaluated the effect of moisture uptake on bending 
strengths of wet lay-up CFRP laminates immersed in water for 7 and 14 days. Experimental results revealed that 
the moisture uptake resulted in a significant degradation of bending strength of CFRPs. To further investigate 
the degradation mechanism of wet lay-up CFRP laminates due to water immersion, Takeda et 
al. [27] adopted fiber Bragg grating sensors to monitor water absorptions. Based on the monitoring technique, 
the swelling strain and coefficient of moisture expansion of unidirectional CFRP laminates were estimated. 
Saadatmanesh et al. [28] investigated the residual strength of unidirectional CFRP laminates subjected to 
alkaline and acidic solutions. Test results showed that the tensile mechanical properties of the wet lay-up CFRP 
laminates were scarcely affected by the humid environments after a duration of 27 months. Through aging tests, 
Sciolti et al. [29] found that the tensile strength of wet lay-up CFRP laminates decreased by 30% after immersed 
in distilled water for 30 weeks. 
Based on the aforementioned studies, the trend of water absorption and the degradation of mechanical 
properties of CFRP composites can be investigated by immersing specimens in different solutions. However, it is 
still insufficient to use the current findings to quantificationally evaluate the long-term properties of CFRP 
composites subjected to hygrothermal environments for two reasons. 
First, the test temperatures, immersion durations and test methods were deliberately designed to keep 
consistent in most studies. However, the adopted specimen thicknesses were generally different from each 
other [20], [21], [22], [23], [24], [25], [26], [27], [28], [29]. This indicates that experimental results based on 
specimens with different thicknesses are non-comparable and thus cannot be directly used to establish a unified 
prediction model. It is mainly because that the time needed to reach the fully permeation of CFRP composite is 
greatly related to the thickness of the specimen when the diffusion rate of immersion solution maintains 
constant. A similar concern had already been made to the durability of glass fiber reinforced polymer (GFRP) 
bars with different diameters [30]. It was found that the degradation of mechanical properties of the GFRP bars 
was significantly influenced by specimens’ diameters. However, to the authors' knowledge, such effect has not 
been considered in the existing durability studies on FRP laminates with different thicknesses, which hampers 
the development of comparative analysis [31], [32], [33]. 
Second, the immersion time of the above mentioned aging tests are greatly short compared to the 
real/designed service life of CFRP composites, thus it is unreasonable to evaluate their long-term durability using 
such short-term experimental results [34]. To solve this problem, a temperature-based accelerated method 
(TAM) was proposed to better evaluate the long-term durability of FRP composites [35], [36], [37]. Using this 
method, FRP composites are usually tested at a high temperature to accelerate the degradation 
process subjected to aggressive environments, and then the test results based on a relative short aging time can 
be transformed to evaluate the long-term properties of FRP materials. It was found that, however, the structure 
of the resin could change from a glassy state to a viscoelastic state when the glass transition temperature Tg is 
reached. Therefore, the use of too high temperature close to Tg could not only accelerate the degradation 
ratebut also modify the thermomechanical-induced degradation mechanisms themselves, leading to an 
underestimation of the durability of FRP materials [38]. For this reason, TAM is generally recommended to be 
used under a restricted temperature, which limits its application in practice because of the unstable and low 
accelerated efficiency. Therefore, it is necessary to develop a more effective accelerated testing method to 
better evaluate the durability of FRP composites. It should be noted that the aging time of FRP laminates needed 
to achieve a given degradation level is dependent on the thickness of specimens. If the effect of specimen 
thickness on properties of FRP laminates exposed to aggressive environments is clearly explored, it is possible to 
establish a new accelerated testing method based on the specimen thickness. 
The main targets of this paper are to (1) evaluate the effect of specimen thickness on the water absorption and 
flexural strength of CFRP laminates immersed in distilled water and alkaline solution, and (2) propose a new 
thickness-based accelerated method to better predict the water absorption and flexural strength of CFRP 
laminates. An experimental program was conducted to investigate the water absorption and flexural strength of 
wet lay-up CFRP laminates with different thicknesses. The effect of specimen thickness on the water absorption 
and flexural strength retention of CFRP laminates was evaluated based on test results, which suggested that a 
thickness-based accelerated method could be developed to accelerate the hygrothermal aging test of CFRP 
laminates. The accelerated factors of water absorption and flexure strength retention of CFRP laminates were 
respectively deduced and verified with test results of the current study. 
2. Experimental program 
2.1. Materials and specimen preparation 
The unidirectional carbon fiber sheet (UT70-30 produced by Toray Co., Ltd.) was used in this study. The weight 
and nominal thickness of the carbon fiber sheet are 300 g/m2 and 0.167 mm, respectively. According to the 
manufacturer, the tensile strength, tensile modulus and elongation at break of the carbon fiber sheet are 
4077 MPa, 245 GPa, and 1.51%, respectively. The resin (JGN-T produced by Kaihua Co., Ltd.) adopted in current 
study was a two-component epoxy with main and curing agentsmixed in the ratio of 3:1 by weight. The mixing 
density of the resin is 1.1 g/cm3. The resin is widely used for structure strengthening in China, of which the 
tensile strength, tensile modulus and elongation are 40 MPa, 2.5 GPa, and 1.80%, respectively. The fiber volume 
fraction of the specimens was 0.334. 
To investigate the effect of specimen thickness on the water absorption and flexural strength of CFRP laminates, 
the specimens with 1-ply, 2-ply, 4-ply and 8-ply of carbon fiber sheet (with thickness of 0.5 mm, 1 mm, 2 mm 
and 4 mm, respectively) were prepared for water absorption tests, and the specimens with 2-ply, 4-ply and 8-ply 
of carbon fiber sheet (with thickness of 1 mm, 2 mm and 4 mm, respectively) were prepared for flexural tests. 
Standard thickness blocks with thickness of 0.5 mm, 1 mm, 2 mm and 4 mm, respectively, were employed to 
ensure the thickness of specimens. All specimens were prepared by wet lay-up manufacturing process as 
follows. First, the epoxy and the binder were mixed at the room temperature according to the ratio of 3:1 by 
weight. After mixed uniformly, a layer of the resin matrix was applied on a glass board. Next, the carbon fiber 
sheet with a dimension of 300 mm × 300 mm × 0.167 mm was applied to the glass board and impregnated with 
the resin matrix. A roller was then used to remove the trapped air bubbles and press the resin to penetrate into 
the fabric, until the resin was reflected on the surface of the carbon fiber sheet. The aforementioned steps were 
repeated to fabricate specimens with different plies of carbon fiber sheets. When the required ply of carbon 
fiber sheets was reached, another glass board was used to cover the specimen with a weight of 30 kg. Before 
the water absorption and flexural tests, the specimen was cured at ambient room temperature for 30 days, 
which was much longer than the curing time suggested by the supplier (about 7 days) to ensure a full curing of 
the resin. 
Distilled water and alkaline solution were both adopted to immerse specimens with immersion time up to 
180 days. The alkaline solution with pH = 13.0 was prepared to simulate the pore solution of concrete according 
to ACI 440.3R-04 [39]. Literatures [18], [19], [38] indicated that the accelerating rate increased with the aging 
temperature when the degradation mechanism remained unchanged. Therefore, the aging temperature 
adopted in previous studies generally varied from 20 to 
60 °C [20], [21], [22], [23], [24], [25], [26], [27], [28], [29]. In this study, the aging temperature was set as 60 °C to 
ensure a better accelerated effect. 
2.2. Water absorption test 
The water absorption of CFRP laminates was evaluated by immersing the specimens in distilled water or alkaline 
solution, and measuring the water uptake at specific periods. According to ASTM D5229 [40], the laminates 
were mechanically cut into strips with dimensions of 60 mm × 60 mm × h mm, where h was the specimen 
thickness. Before testing, the specimen was dried in an oven at 60 °C for 48 h, cooled down to the room 
temperature and then weighed to obtain the initial mass, 𝑀0. The specimen was then immersed in distilled 
water or alkaline solution for aging test. After a given immersion time, the surface water of the specimens were 
wiped off using tissue paper and weighed to get the aged mass, 𝑀𝑡. An analytical balance with an accuracy of 
±0.1 mg was adopted to weight the specimens. Water uptake, 𝜔, can be expressed as Eq. (1). The adopted 
immersion durations of water absorption test were shown in Table 1. For each given immersion time, ten 





Table 1. Aging times adopted in the tests. 
Test type Exposure time 
Water absorption 0 h, 1 h, 2 h, 4 h, 8 h, 1d, 2d, 4d, 7d, 14d, 28d, 90d, 180d 
Flexural strength 0d, 7d, 14d, 28d, 90d, 180d 
Note: h and d represent hour and day, respectively. 
2.3. Flexural test 
As suggested in ASTM D7264 [41], the flexural strength of CFRP laminates was determined by three point 
bending test with a loading rate of 1 mm/min (Fig. 1). The dimensions of the specimens adopted in the test were 





where P is the measured load, L is the span, b and h are the width and thickness of the specimen, respectively. 
The aging durations for flexural specimens are shown in Table 1. For each given aging time, the averaged test 
results of five specimens were presented in the following analysis. 
 
Fig. 1. Three point bending test of CFRP laminates. 
Table 2. Dimensions of the specimens (Unit: mm). 
Geometry Dimension    
2-ply 4-ply 8-ply 
Thickness h 1 2 4 
Width b 12.7 12.7 12.7 
Length L0 50.8 50.8 100 
Span L 25.4  32 64 
 
3. Test results and discussions 
3.1. Water absorption 
Table 3 shows the tested mean water uptake and CV (coefficient of variation) for each group of specimens. 
Water uptake curves of CFRP laminates with four thicknesses immersed in distilled water or alkaline solution are 
shown in Fig. 2. It can be seen that the trend of water uptake curves is composed of ascending and descending 
phases for both distilled water and alkaline solution. In the ascending branch, water uptake increased almost 
linearly with the increase of square root of aging time until the peak water uptake is reached. For the specimens 
with the thicknesses of 0.5 mm, 1 mm, 2 mm and 4 mm, the peak water uptakes were 1.07%, 0.87%, 1.02% and 
1.04% for distilled water, and were 1.05%, 1.11%, 1.21% and 1.10% for alkaline solution, respectively. It 
indicates that, for the same solution, the peak water uptakes of CFRP laminates with four thicknesses were 
almost constant and scarcely influenced by specimen thickness. 
  
Table 3. Tested water uptake of the CFRP laminates conditioned with distilled water and alkaline solution (Unit: %) 
Distilled  
water 
        Alkaline  
solution 


















 Mean CV† Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV 
60 0.51 2.96 0.22 3.50 0.15 1.38 0.07 4.36 0.34 3.41 0.22 2.72 0.19 1.55 0.09 1.30 
85 0.70 2.62 0.34 4.98 0.22 2.28 0.10 4.23 0.49 2.83 0.30 1.90 0.24 2.13 0.11 1.83 
120 0.89 4.07 0.52 4.71 0.31 3.16 0.15 4.19 0.88 14.75 0.51 5.98 0.34 2.85 0.16 1.12 
170 0.98 6.49 0.65 5.20 0.43 3.42 0.20 4.75 0.99 6.61 0.62 1.72 0.46 3.80 0.22 0.7 
294 1.07 8.57 0.87 7.25 0.72 4.43 0.34 6.18 1.05 15.35 1.00 2.10 0.79 5.24 0.38 1.64 
416 0.87 5.64 0.81 9.02 0.93 4.46 0.49 6.31 0.84 8.88 1.11 4.41 1.08 5.20 0.56 3.37 
588 0.67 5.89 0.71 8.64 0.97 5.01 0.64 6.23 0.56 7.90 0.94 3.51 1.13 5.39 0.70 3.18 
778 0.36 6.34 0.60 8.24 1.02 6.27 0.85 6.18 0.13 7.01 0.68 3.28 1.21 6.80 0.91 3.43 
1100 0.11 4.39 0.47 7.49 0.99 6.45 1.04 6.48 −0.28 2.19 0.36 4.35 1.12 6.95 1.11 3.90 
1610 −0.52 7.12 0.30 6.51 0.88 8.41 1.04 10.52 −1.27 5.61 0.14 8.04 0.95 10.61 1.09 4.74 
2789 −1.54 25.41 0.04 3.23 0.49 26.88 0.91 10.79 −2.94 18.40 −0.88 6.63 0.71 11.03 0.95 6.34 
3944 −2.18 14.63 −0.85 10.63 0.15 21.60 0.74 15.10 −4.26 24.29 −1.90 9.05 0.47 4.53 0.88 16.00 




Fig. 2. Water uptake vs. aging time for the specimens with different thicknesses immersed in (a) distilled water 
or (b) alkaline solution. 
 
In the descending branch, water uptake decreased with the increase of square root of aging time. At the aging 
time of 180 days, as specimen thickness varied from 0.5 mm to 4 mm, water uptakes were −2.18%, −0.84%, 
0.15% and 0.74% for distilled water, and were −4.26%, −1.89%, 0.47% and 0.87% for alkaline solution, 
respectively. It should be noted that the measured mass of CFRP laminates with the thickness of 0.5 mm and 
1 mm at 180 day was smaller than the initial one. This observation is not consistent with usual test results, in 
which the initial linear increase of water uptake is followed by another stage of linear increase with a reduced 
slope (i.e., the two-stage diffusion response) [23], [24], [25]. It is well known that the carbon fiber hardly absorbs 
water during immersion, and thus water uptake of CFRP laminates is mainly contributed by water uptake 
of resin matrix [20], [21], [23]. Therefore, the decrease of water uptake can be explained with the degradation 
processof resins in the aging. The SEM images in Fig. 3 show that the corrosive environment at 60 °C degraded 
the resin matrix structure and accelerated the hydrolysis of the resin in this study. The SEM image of the original 
specimen (h = 2 mm) is compared with those of the aged ones. After the 180-day conditioning in distilled water 
or alkaline solution, parts of resins became rough in the surface, which suggests that a severe hydrolysis had 
happened to these regions. The hydrolysis of resins generated more spaces inside the CFRP laminates, which 
was then filled with test solutions. Since the density of resins is much greater than that of solutions, however, 
the tested water uptake by weight showed decreasing as the hydrolysis of resins progressed. Besides the SEM 
images, this deduction can also be supported by literature [42], which suggested that the mass loss of resin at 
long-time exposure could be attributed to chemical degradation such as leaching and hydrolysis. 
 
Fig. 3. SEM images of (a) original specimen; (b) specimen immersed in 60 °C distilled water after 180 days; (c) 
specimen immersed in 60 °C alkaline solution after 180 days. 
 
3.2. Flexural strength retention 
Table 4 shows the tested mean flexural strength retention and CV (coefficient of variation) for each group of 
specimens. The flexural strength retentions of CFRP laminates immersed in distilled water or alkaline solution 
are plotted against aging times (in day) in Fig. 4. It is shown in the figure that the flexural strength retention 
decreased gradually with the increase of aging time, and then remained relatively constant for the specimens 
with thicknesses of 2 mm and 4 mm. For the specimens with thickness of 1 mm, however, the flexural strength 
retention decreased rapidly in the first week and followed with an apparent recovery. Apparent reductions were 
generated in flexural strengths after a long aging time for all specimens tested in this study. For the specimens 
with thicknesses of 1 mm, 2 mm and 4 mm, flexural strength retentions at 180 days were 66.6%, 70.4%, 71.9% 
for the distilled water, respectively, and were 65.5%, 75.0%, 75.6% for the alkaline solution, respectively. 
Table 4. Tested flexural strength retention of the CFRP laminates conditioned with distilled water and alkaline 
solution (Unit: %). 
Duration Distilled 
water 
     Alkaline 
solution 














 Mean CV† Mean CV Mean CV Mean CV Mean CV Mean CV 
7 54.79 1.46 75.02 1.80 90.90 1.17 66.41 1.82 89.10 1.22 95.18 1.42 
14 67.63 0.97 79.94 0.94 85.93 1.92 68.58 0.86 83.55 1.94 93.58 0.93 
30 66.58 1.41 70.37 1.23 78.04 1.46 74.51 1.18 82.65 1.39 78.67 1.39 
90 71.08 1.22 75.06 1.94 71.93 1.12 66.96 1.91 74.95 1.10 80.27 1.21 
180 68.49 1.74 75.41 1.38 79.27 1.31 65.46 1.42 80.42 1.33 76.56 1.75 
†Coefficient of variation. 
 
Fig. 4. Flexural strength retention vs. aging time for the specimens with different thicknesses immersed in (a) 
distilled water, and (b) alkaline solution. 
 
Hong et al. [25] reported that water immersion had little effect on tensile strength of pultruded CFRP plates. It is 
because that the tensile strength of pultruded CFRP composites is mainly dependent on the property of carbon 
fiber. Carbon fiber is hardly corroded and thus its tensile strength is scarcely affected by hygrothemal aging 
effect. In this study, however, the effect of hygrothemal aging on the flexural strength of CFRP laminates is 
remarkable. The observation is consistent with the findings in literature [29], which suggested the tensile 
strength of wet lay-up CFRP laminates could decrease by 30% after duration of 30 weeks. The significant 
degradation of flexural strength should be attributed to the debonding between the fiber and the resin matrix. It 
is recognized that the fiber-resin matrix adhesion also affects the flexural strength of CFRP composites besides 
of the fiber reinforcement [15], [17]. Sufficient fiber-resin matrix adhesion ensures a reliable bond between the 
carbon fiber and the epoxy resin matrix, by which the strength of the carbon fiber could be fully utilized. Under 
harsh environmental conditions, the fiber-resin adhesion is prone to be weakened due to the degradation of 
epoxy resins as shown in Fig. 3, which further results in a debonding between the fiber and the resin matrix. This 
deduction can also be supported by Fig. 5, which shows the SEM images of the CFRP specimen (h = 2 mm) 
before and after aging. It is observed that the resin matrix was greatly corroded after an aging time of 180 days. 
Therefore, the fiber-resin adhesion was weakened in some regions. With such effect, partial debonding occurred 
and local weaknesses were generated in CFRP laminates. When the specimens were subjected to the bending 
load, the compatibility between the fiber and resin matrix of the specimens could not be guaranteed at these 
weak regions, which resulted in a premature failure of the specimens before the strength of carbon fiber was 
fully used. 
 
Fig. 5. SEM images of the fractured section of (a) original specimen; (b) specimen immersed in 60 °C distilled 
water after 180 days; (c) specimen immersed in 60 °C alkaline solution after 180 days. 
 
3.3. The effect of specimen thickness 
Water uptakes of CFRP laminates for different aging durations are shown in Fig. 6, Fig. 7, Fig. 8. Fig. 6 shows 
that, in the early stage of immersion (1–8 h), the smaller the thickness was, the higher water uptake of CFRP 
laminates was for the same aging time. The trend was opposite in the later stage of immersion (14–180 days) as 
shown in Fig. 8. For the middle stage of immersion (2–8 days), Fig. 7 shows that the water uptake of CFRP 
laminates increased first and then decreased with the increase of specimen thickness. These results indicate that 
the specimen thickness has different effects on the water uptake of CFRP laminates for different aging times. In 
addition, it can be seen from Fig. 6, Fig. 8 that the change rate of water uptake decreased with the increase of 
specimen thickness for the same aging time, i.e., the difference among water uptakes of CFRP laminates was 
smaller with the increase of specimen thickness. 
 
Fig. 6. Effect of specimen thickness on water uptake in the early stage of immersion in (a) distilled water or 
(b) alkaline solution. 
 
 
Fig. 7. Effect of specimen thickness on water uptake in the middle stage of immersion in (a) distilled water or 
(b) alkaline solution. 
 
 
Fig. 8. Effect of the specimen thickness on water uptake in the later stage of immersion in (a) distilled water or 
(b) alkaline solution. 
 
The relationship between flexural strength retention and specimen thickness is shown in Fig. 9 for different 
aging times. It can be seen that thicker specimens had larger strength retention for most cases. This observation 
suggests that the specimen with a smaller thickness is more likely to be eroded for a given aging time. On the 
other hand, for some cases (e.g., t = 90 days for distilled water, t = 28 and 180 days for alkaline solution), no 
significant law can be drawn for flexural strength retentions of specimens with different thicknesses. This can be 
explained by the scatter of test data because only three thicknesses were adopted as the test variables in this 
study. Moreover, the flexural strength was greatly influenced by the interfacial properties of fiber and resin. 
Therefore the possible non-uniformly debonding of the fiber as shown in Fig. 5 could lead to an abnormal 
change of flexural strength shown in Fig. 9. 
 
Fig. 9. Effect of specimen thickness on flexural strength retention of CFRP laminates immersed in (a) distilled 
water or (b) alkaline solution. 
 
4. Analytical model of accelerated factors 
The above test results clearly show that the specimen thickness has great influences on both water absorption 
and flexural strength of CFRP laminates. It can be seen from Fig. 2, Fig. 4 that different aging times are needed to 
achieve the same level of water uptake or flexural strength retention for CFRP laminates with different 
thicknesses. Hence, it is possible to accelerate the aging effect on CFRP laminates by changing the specimen 
thickness. In this section, such effect is quantitatively evaluated in a theoretical manner, and analytical models 
of accelerated factors considering the effect of specimen thickness for aging tests with different aging times are 
developed. In this study, the accelerated factor is defined as the ratio of the durations needed to reach the same 
level of water uptake or flexural strength retention for the specimens with different thicknesses. 
4.1. Accelerated factor for water absorption 
Typical relationships between water uptake and aging time are shown in Fig. 10(a) and (b) for Fickian and non-
Fickian CFRP laminate specimens with different thicknesses, respectively [19]. For a given specimen 
thickness, Fig. 10(a) shows that the water uptake of Fickian model, 𝜔(𝑡)F, first nonlinearly increases with the 
aging time, then gradually reaches a quasi-equilibrium level, 𝜔𝑚 , and afterwards remains constant. The 
diffusion of the Fickian model is assumed to be determined by the concentration gradient of the aging condition, 
and complies with the classic Fick’s law, as shown in Eq. (3) [19]. 






where 𝜔(𝑡)F is the water uptake of Fickian specimens at aging time t, 𝜔𝑚  is the quasi-equilibrium water uptake, 
and h is the thickness of the specimen. If the Fickian specimens with two thicknesses, i.e., ℎ1 and ℎ2, are tested 
to reach the same water uptake after aging time 𝑡1 and 𝑡2 immersed in identical condition, a balanced equation 
can be obtained as 












Fig. 10. Typical model of water uptake for composites: (a) Fickian; (b) non-Fickian. 
 
Ref. [19] reported that the parameters of 𝜔𝑚 and D in Eq. (4) are generally constant for a given resin matrix and 
immersion solution. This means that the water uptake changed by aging time is determined by the specimen 
thickness h. For the Fickian specimens with different thicknesses, the aging times needed to reach a same water 
uptake should satisfy 
(5) 𝑡1 𝑡2⁄ = (ℎ1 ℎ2⁄ )
2 
On the other hand, as shown in Fig. 10(b), the trend of water absorption of non-Fickian specimen can be divided 
into two stages. In Stage I, the water uptake, 𝜔(𝑡)FN,I, increases nonlinearly with the aging time before a critical 
point at the aging time 𝑡  =  𝑡∗. In this stage, the diffusion of non-Fickian specimens is identical with that of 
Fickian ones. After that, the water uptake in Stage II, ω(t)FN,II, increases or decreases linearly with the aging 
time, which is related to the types of resin matrices and immersion solutions. For non-Fickian specimens with 
two thicknesses, i.e., ℎ1 and ℎ2, the aging times (𝑡1
∗ and 𝑡2
∗) needed to reach the same water uptake before the 
critical point, are also dependent on their thicknesses, and can be determined with Eq. (5), i.e., 
(6) 𝑡1
∗ 𝑡2
∗⁄ = (ℎ1 ℎ2⁄ )
2 
After the critical point, a linear relationship between the water uptake in stage II, 𝜔(𝑡)FN,𝐼𝐼, and the aging time 
increment, 𝛥t, can be established as Eq. (7). 




where l is the slope of water uptake curve shown in Fig. 10(b). 
If the specimens with two thicknesses (ℎ1 and ℎ2) are immersed in identical condition with incremental aging 
times (𝛥t1 and 𝛥t2) to achieve a given water uptake, a balanced equation can also be established in the stage 
similar to Stage I, which is given as 
(8) 𝜔(𝑡1)NF,II = 𝜔𝑚 + 𝑙 ·
√Δ𝑡1
ℎ1




Since the parameters, 𝜔𝑚 and l, are both constants for a given immersion condition, which are irrelevant to the 
specimen thickness h[19], Eq. (8) can be re-written as 
(9) Δ𝑡1 Δ𝑡2⁄ = (ℎ1 ℎ2⁄ )
2 
Therefore, the total time for non-Fickian specimens with two thicknesses to reach a same water uptake during 















At last, the acceleration factor of water uptakes can be calculated with Eq. (5) and Eq. (10) for Fickian and non-
Fickian specimens, respectively. 
4.2. Accelerated factor for flexural strength retention 
In order to simplify the analysis, CFRP laminates immersed in corrosive solutions are assumed to suffer a double-
surface uniform corrosionalong the direction of the thickness (shown in Fig. 11(a)). Assuming the corrosion 
rate keeps constant, the total corrosion depth reaches a value of x at the top and bottom surfaces of the 
specimen after a given aging time. It is well known that the corrosion condition affects the bond 
between carbon fiber and epoxy resin matrix, which further leads to a decrease in tensile strength of CFRP 
laminates at corroded regions after an aging time. Fig. 11(b) shows stress distribution in a cross-section of the 
partially corroded specimen subjected to a bending moment, where 𝜎0  and 𝜎𝑒 denote the initial and residual 
tensile strengths of the specimen, respectively. It can be deduced that the resisting moment of the 
section, 𝑀(𝑡), can be expressed by Eq. (11). 





















where b and h are the width and thickness of the specimen, respectively. 
 
Fig. 11. Sectional schematic of the specimen for flexural strength test: (a) Double-surface corrosion; (b) Cross-
sectional stress distribution. 
 



















According to literatures [43], [44], [45], [46], for the layer-forming type corrosion as shown in Fig. 11, the 
corrosion depth of the specimen, x, can be expressed in the term of aging time, t, as Eq. (13). 
(13) 𝑥 = 𝛼√𝑡 
where α is the material constant and independent of h. 
Literatures [21], [23], [24], [25], [26] suggested that, for a given epoxy resin and carbon fiber, the residual tensile 
strength, 𝜎𝑒, is irrelevant to the specimen thickness, and remains basically a constant after a long duration. 
Substituting Eq. (13) into Eq. (12), the nominal flexural strength of CFRP laminate is given by: 















Considering CFRP specimens with two thicknesses, i.e., ℎ1 and ℎ2, are tested to achieve the identical nominal 
flexural strength after aging times 𝑡1 and 𝑡2, respectively, Eq. (15) can be obtained. 





























Eq. (15) is valid when the aging times 𝑡1 and 𝑡2 satisfy the case that 𝑡1/𝑡2  =  (ℎ1/ℎ2)
2, which indicates that the 
acceleration factor of flexural strength retention (the ratio of strengths after and before aging) of CFRP 
laminates subjected to hygrothermal aging can be calculated with Eq. (5). 
It is shown from the above analysis that, for CFRP laminate specimens with two thicknesses, the ratio of 
required aging times to reach a given water uptake and/or flexural strength retention is directly proportional to 
the square of their thickness ratio. Therefore, it is feasible to accelerate the aging time by reducing the specimen 
thickness. 
5. Model validation 
The analytical results suggest that a thicker specimen needs more aging time to reach a given water uptake 
and/or flexural strength retention. The water uptake or flexural strength retention after aging is positively 





where t is the aging time, h is the thickness of CFRP specimens, k is the proportionality factor, and c is the water 
uptake or flexural strength retention of CFRP laminates after aging. For the same immersion solution and test 
temperature, the proportionality factor, k, keeps a constant. For the CFRP laminates used this study, Fig. 
2 shows that the trend of water uptake follows two stages, thus k should be positive and negative constants for 
ascending and descending stages, respectively. 
It can be seen from Eq. (16) that the water uptake and/or flexural strength retention of CFRP specimens should 
be proportional to the inverse of square of specimen thickness for a given aging time. To verify the analytical 
model, therefore, linear fittings are developed between the tested water uptake or flexural strength retention 
and 1/h2, respectively. 
It can be seen from Figs. 12 and 13 that, the water uptake increases and decreases as 1/h2 increases for 
ascending and descending stages of the absorption response of CFRP laminates, respectively. Because the 
proportionality factors, k, remain positive and negative constants for ascending and descending branches 
respectively, water uptakes are basically linear functions of 1/h2 in the two stages. In addition to water uptakes, 
the fitting results of flexural strength retentions are shown in Fig. 14 for different aging times. It is shown that 
the flexural strength retention is generally proportional to 1/h2 despite of the dispersed test data for some 
cases, e.g., t = 28 days for distilled water and alkaline solution. 
 
Fig. 12. Linear fitting results between water uptake and 1/h2 in ascending branch for: (a) distilled water; 
(b) alkaline solution. 
 
 
Fig. 13. Linear fitting results between water uptake and 1/h2 in descending branch for: (a) distilled water; 
(b) alkaline solution. 
 
 
Fig. 14. Linear fitting results between flexural strength retention and 1/h2 for: (a) distilled water; (b) alkaline 
solution. 
 
According to Eq. (5), the acceleration factors were calculated as 1, 4, and 16 for specimens with the thicknesses 
of 4 mm, 2 mm and 1 mm, respectively. Then test results of water uptakes and flexural strength retentions 
(i.e., Figs. 2 and 4) were transformed by multiplying aging times for 1 mm and 2 mm specimens with 
corresponding acceleration factors, and shown in Figs. 15 and 16, respectively. It should be noted that, based on 
the proposed model, an aging time up to 8 years is covered by test data in this study for both water uptakes and 
flexural strength retentions of CFRP laminates. Based on the transformed test data of the specimen with the 
thickness of 1 mm, the long-term predictions for water uptakes and flexural strength retentions are obtained by 
regression and shown in Figs. 15 and 16, which indicate that the prediction results agree well with the 
transformed test data for all thicknesses. 
 




Fig. 16. Transformed results of flexural strength retention by the proposed model for: (a) distilled water; 
(b) alkaline solution. 
 
It can be seen from the predicting procedures that the application of the proposed model is much easier than 
TAM. It is mainly because that the activation energy must be determined when using TAM, and thus an 
additional regression analysis of test data is inevitable. Since the activation energy of TAM is calculated from test 
data, test results corresponding to at least three different temperatures should be provided [38]. This implies 
that TAM is inappropriate to be used in test programs with less than three temperatures [36], [37]. 
Comparatively, the acceleration factor calculated based on the proposed model is only related to the thickness 
of the specimen, and thus can be easily used for wider range. 
6. Conclusions 
In this study, the effect of specimen thickness on the water absorption and flexural strength of wet lay-up CFRP 
laminates immersed in distilled water or alkaline solution was investigated. An analytical study was developed to 
deduce the accelerated factor of the thickness-based accelerated method for hygrothermal aging of the CFRP 
laminates. Based on the results, the following conclusions can be drawn. 
1. In this study, the trend of water uptake of the wet lay-up CFRP laminates conditioned in distilled water 
or alkaline solution can be divided into two stages. In the early stage of immersion, the water uptake 
increased with the aging time until the peak water uptake was reached. After that, the water uptake 
decreased with the increase of aging time for some cases, which could be caused by the hydrolysis of 
the resin. To further research the factors (aging temperature, resin and/or solution type, etc.,) 
influencing the degradation mechanism, more studies are still needed in the future. 
2. The water uptakes and flexural strength retentions of wet lay-up CFRP laminates were greatly affected 
by the adopted specimen thicknesses. For CFRP laminates conditioned in distilled water or alkaline 
solution up to a duration of 180 days, the water uptake decreased in the early stage of immersion and 
increased in the later stage of immersion with the increase of specimen thickness. Meanwhile, the 
flexural strength retention generally increased as the specimen thickness increased. In the future, the 
direct tensile test is still needed to investigate the mechanical properties of aged CFRP laminates. 
3. The model of accelerated factors for the proposed thickness-based accelerated method, which was 
expressed as the ratios of square of specimen thicknesses, was developed for water uptakes and flexural 
strength retentions of CFRP laminates. The model was verified with the current test results, and applied 
to predict the long-term properties of the wet lay-up CFRP laminates. The results showed that the 
proposed model was easy for application and in a good agreement with test data. 
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